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Abstract 
The maraging steel are considered ultra high strength due to its yield strength greater than 1400 MPa and are part of a set of 
advanced materials of interest for technological development, mainly for aeronautics and aerospace industry. For this purpose 
should submit good toughness, fatigue resistance and acceptable weldability. These steels are used in the aerospace industry as 
high-strength fasteners, engine casings and missiles, landing gear structures, among others. 
There are few studies of the process of laser welding of this material, making it important to study the feasibility of welding these 
steels. A comparison between the traditional welding processes (TIG-Tungsten Inert Gas and PAW-Weldding Plasma Arc) and 
the laser welding process (LBW - Laser Beam Welding) was performed.  
To evaluate the mechanical properties were used tensile and hardness tests by microindentation, showing that the maraging steel 
can be welded with little loss in mechanical properties, with advantages for the laser welding process. 
Microstructural characterization was performed by optic and scanning electron microscopy, showing that the fused and heat 
affected area in the process LBW is about 10 times lower that the area affected by heat by TIG and PAW process. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering.  
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1. Introduction 
The study ultra-high strength steels, in particular for the maraging steels, it is strategic. Beside the industry 
applications in general, ultra-high strength steels are wide employed in air defense system, like: aircraft components, 
rockets, missiles, ammunition, nuclear power generation and chemical industry. This steel is of great interest 
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering
292   P.R. Sakai et al. /  Procedia Engineering  114 ( 2015 )  291 – 297 
because it is one of the few materials that can combine high mechanical strength, excellent toughness, high 
temperature strength and corrosion resistance [1, 2, 3]. 
Unlike strength steel with higher carbon, the maraging steels do not harden through tempering process and 
formation of hard phases such as martensite and bainite. In this type of steel, the element carbon is kept in lower 
levels, the family of maraging steel hardening by other process, the increases of the resistance occurs by the 
precipitation of intermetallic compounds during an aging treatment and can reach levels of yield strength in the 
range of 1400 to 2400 MPa [4]. 
Another advantage is that before aging, while the steel is still in the annealed condition only, the formability is 
excellent. This fact gives rise to forming process manufacture, and then provides the final age-hardening, in the 
range of 450 - 510 °C, with little dimensional variation. These features, combined with the high strength properties 
and fracture toughness, provide better properties to this family of steels, as compared with the high-resistance 
carbon steels (4, 5).  
The aging mechanism basically involves two processes, a short range ordering in the solid solution with cobalt 
and the second that is responsible for a high resistance gain occurs by precipitation of intermetallics process 
formation [5]. Among the main precipitated intermetallic compounds are the Ni3Mo and Ni3Ti that nucleate next 
dislocation and martensite laths. Cobalt element does not form a precipitate but contributes to the aging reaction 
indirectly in a phenomenon known as cobalt/molybdenum interaction. A Ni3Mo precipitate thinner and dispersed is 
obtained when cobalt is added [4]. Liewellyn and Hudd [6] showed that the addition of cobalt can raise levels of 
hardness of maraging steel. 
Some studies [7, 8, 9] had demonstrated that the maraging steel martensite could revert to austenite during 
ageing. This martensite is a metastable and if enough temperature and time are given during ageing, a percentage of 
martensite may be transformed into ferrite and austenite. The austenite is enriched on nickel, since solubility of 
nickel is higher in austenite than in ferrite. After cooling, the reverted austenite remains stable if its nickel content is 
sufficiently high [10].    
Austenite reversion in maraging steel is usually seen in the fusion zone of welds. During solidification, 
segregation may occur into the interdendritic spaces [11].  
The reverted austenite formed in the interdendritic areas is not hardened by ageing, having inferior strength and 
hardness compared to the aged martensite and would require a subsequent heat treatment to try to recover the 
mechanical properties of this region [12].   
The maraging steel is usually welded though Gas Tungsten Arc Welding (GTAW) and Plasma Arc Welding 
(PAW) with filler additions [13, 14], in fact the maraging steels have demonstrated good weldability in a variety of 
welding techniques, including laser welding. The low wavelength of the high power fiber lasers allows its 
absorption for all metal and alloys, making then a good option for deep penetration welding [15, 16]. 
New technologies in ultra-high strength steels are in development in Brazil, there are a tendency for replacement 
of AISI 4340 and 300 M steels by maraging steel is currently taking place. The union plates by welding processes 
are of fundamental importance in aeronautical and industrial products in general [17, 18].  
In this work, we studied the welding process of maraging steel 300 for three different routes: Laser Beam 
Welding (LBW), Tungsten Inert Gas (TIG) and Plasma Arc Welding (PAW). The laser process has been considered 
as potentially important to replace traditional welding methods. 
 
 
2. Experimental procedures 
2.1. Material  
The maraging 300 steel sheet used in this work was produced by the VAR process has been provided by Böhler 
with dimensions of 1000 x 3200 x 3.3 mm in  hot rolled and annealed condition. The chemical composition is shown 
in Table 1. Welding laser process was performed by autogenous way, in this case, it was not used filler. In the PAW 
and TIG welding process, filler has been employed, and chemical composition of filler is shown in Table1. 
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                           Table 1: Chemical composition for the maraging 300 steel and the filler used 
Elements 
Maraging 300 
Content (wt %) 
Filler 
Content (wt %) 
C 0.007 0.007 
Ni 18.58 17.87 
Mo 4.94 4.54 
Co 9.35 8,79 
Al 0.10 0.079 
Ti 0.66 0.61 
S 0.002 <0.001 
P 0.004 <0.004 
Si 0.02 0.08 
Mn 0.011 0.013 
Cr 0.060 -- 
 
2.2. Procedure 
 
For the laser welding a 2 kW continuous wave fiber laser produced by IPG Co. was used. The laser radiation is 
generated in 50 μm diameter fiber doped with ytterbium. The doped fiber is connected to a process fiber with 100 
μm diameter and 10 m long, which is then connected to an Optoskand processing head. The focal length was 157 
mm with a minimum spot diameter of 100 μm. Pure argon gas at 30 l/min flow rate has been used to protect the 
sample against oxidation. The protection gas was delivered through a rounded copper tube of 3 mm internal 
diameter directly over the irradiated area. The samples movement was effected over a CNC table.  
In the welding laser based on previous experiments, it was used laser scanning speed of 180 cm/min and laser 
power of 1800 W, focused on sample surface and using argon at 30 l/min as shielding gas [10]. 
In welding joints through PAW and TIG process, MERKLE BALMER model Insquare P 421, plasma module 
MERKLE BALMER model PT 11, wire feeder BMI STA/GTAW and longitudinal welding device using direct DC 
weld equipment was used. The TIG welding process was carried out manually by a skilled welder. The parameters 
used in PAW and TIG process were specified in Table 2. 
 
Table 2 - PAW and TIG welding parameters used in the process 
 PAW Welding TIG Welding  
Current (A) 
Welding speed (mm/min) 
Wire feed speed (m/min) 
Protecting gas flow rate (l/min) 
Flow of plasma gas (l/min) 
Purge gas flow rate (l/min) 
133  
300 
0,8 
25 
3,5 
25 
185  
160  
1680 
12  
12  
12  
 
Specimens for tensile tests have been cut out from the welded plates according to the standard ASTM E8. The 
tensile tests welded specimens, for each welding process were divided into two groups - without heat treatment and 
aging heat treatment. For the aging heat treatment, a temperature of 480ºC was used and the samples remained at 
this temperature for 3 hours and were cooled in air.  
The microstructure of the welded samples were analysed by optical microscopy (Zeiss Epiphot 2000), using the 
following etching reagents: I) modified Fry (150ml H2O, 50ml HCl, 25ml HNO3 and 1g CuCl2), II) Nital 5% and 
294   P.R. Sakai et al. /  Procedia Engineering  114 ( 2015 )  291 – 297 
III) sodium metabisulfite solution (10g in 100 ml H20). Microstructure images were also obtained by Scanning 
Electron Microscope. 
Microhardness measurements for samples with and without heat treatments characterized the fusion and heat 
affected zones. The measurements were carried out using a Vickers microhardness tester (Future-Tech FM-700) 
using 100 gf loads for 10 s. Measurements have been done in a traverse cut of the weld bead at 0.5 mm from the 
weld face and 0.1 mm between indentations. 
  
3. Results an Discuss  
3.1. Microstructure and hardness 
Figure 1.a shows the initial microstructure typical of a maraging steel solutionised, with low hardness martensite, 
having a hardness of around 380 HV, the grain size found under the ASTM E112 was 8.9. Figure 1.b shows the 
microstructure after aged at 480 °C for three hours, the hardness increased to about 600 HV. 
 
 
 
 
 
 
 
 
  Fig. 1. Optical Microscopy - Maraging 300; a) solutionised and b) aged. 
After welding of maraging steel, three different regions are identified: fused zone (FZ), the heat affected zone 
(HAZ) and base material (BM - region unmodified heat). Figure 2 shows the welds made by the three suggested 
methods. It notes that the regions formed by FZ and HAZ due to laser welding (LBW)(b) is about 10 times lower 
than the same regions formed by the PAW(a) or TIG(c) welding process. 
 
Fig. 2. Optical Microscopy - Maraging 300 welded: a) PAW process, b) LBW process and c) TIG process.   
In the fused zone occurred martensite formation and dendritic structure due to fusion and subsequent cooling. 
The images in Figure 3 show the fused zone (FZ) in each of the three welding processes used.  
The hardness of the base material is about 380 HV, the fused zone a slightly lower hardness has been found, 
around 350 HV for the three welding processes used. This reduction occurs because the formation of martensite with 
low hardness and also due to the formation of reverted austenite, which stabilizes at regions of greatest 
concentration of solutes in dendritic regions, fig. 4 shows the presence of austenite (γ) in FZ. After aging there is a 
substantial increase in the hardness value, reaching about 545 HV in the PAW welding process, to 520 HV in the 
TIG process and about 580 HV in the LBW weld. In the HAZ near the FZ an important phenomenon occurs, the 
grain growth due to the heating and the rupture usually starts in this region.  
1000 μm 
100 μm 
FZ 
FZ FZ 
HAZ HAZ HAZ BM 
BM BM 
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a b   500 μm 100 μm 
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Fig. 3. Optical Microscopy - Maraging 300 welded: a) PAW process, b) LBW process and c) TIG process. 
Fig. 4 Highlighting the presence of reversed austenite (white) in the FZ: a) PAW process, b) LBW process and c) TIG process. 
Microhardness measurements performed on welded samples show that there is a reduction in hardness in the FZ. 
In steel welded by PAW and TIG process, due to extension of the HAZ, there is also a hardness decrease in this 
region. After the aging heat treatment takes place in the hardness values in the HAZ and ZF after recovery were 
found to be smaller than for the base material. After aging, hardness levels were similar for TIG and PAW welding 
and somewhat lower for LBW welding, especially in the fused zone, as seen in Fig. 5.  
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Fig. 5 Graphics of hardness; a) before aging and b) after aging at 480 °C for 3 hours. 
 
The results obtained in the tensile tests are shown in Table 3. Note that there was not a large difference between 
the yield and strength limit found by three kinds of welding used in this study. Similarly, the steel ductility is kept 
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even after the welding process. This fact proves the good weldability observed for this class of steel.  
The analysis of the fracture surfaces shows that these in a ductile way, forming dimples (Fig.6.b). Due to lower 
hardness in the fused zone (FZ) or in heat affected zone (HAZ) next FZ, in most cases, rupture started in this region 
and subsequently propagated until the final rupture (Fig.6.b). This occurrence is shown in Fig. 6 for the maraging 
steel welded by PAW process, the fracture surface was similar for the three types of welding used.  
 
Table 3 – Mechanical Properties after aging of Maraging 300 steel 
Maraging Steel 
Aged 
Yield Strength (MPa) Tensile Strength 
(MPa) 
Elongation 
% 
No welding        1672 ± 33 1950 ± 28 9,7 ± 1,2 
Welded (LBW)        1620 ± 39 1875 ± 47 8,5 ± 1,4 
Welded (PAW)        1635 ± 41           1829 ± 34 7,6 ± 1,8 
Welded (TIG)        1651 ± 38           1835 ± 75 8,6 ± 1,7 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Fig. 6 SEM - showing the fracture surface of welded maraging 300 steel: a) macroscopic appearance - plastic strains and b) microscopic 
appearance - dimples on the surface. 
 
4. Conclusions  
1. The three methods used for welding were effective for the maraging steel 300, it is however essential to 
perform the aging after the welding process. 
2. The reduction in yield and tensile strength were lower than 5% due to the welding process with loss of about 
20% in ductility. 
3. The reduction in tensile strength values can be associated with formation of austenite in fused zone during the 
welding process. 
4. During the fracture the rupture was generally initiated at the interface between the fused zone and heat 
affected zone, spreading into the region of lower hardness of steel. 
5. Despite the HAZ and FZ produced by TIG and PAW welding processes is larger than those produced by the 
LBW process this difference does not affect the mechanical properties of the maraging steel. 
 
HAZBM
a) b) 
297 P.R. Sakai et al. /  Procedia Engineering  114 ( 2015 )  291 – 297 
Acknowledgements 
The authors acknowledge FAPESP for the support (Process: 2015/01318-0; 2013/20761-6 and 2013/20314-0). 
References 
[1] T. P. Philip, T. J. McCaffrey. ASM Handbook. Properties and Selection: Irons, Steels, and High-Performance Alloys. In: Carbon and Low 
alloy Steels, Ultrahigh-Strength Steels. USA: ASM International, v.4, (1990), p. 1118-1170. 
[2] A. L. C. S. Silva, P.R. Mei. Aços e Ligas Especiais. 2. ed. São Paulo: Edgar Blucher, 2006, 645 p.  
[3] A. J. Abdalla, R. M. Anazawa,, M.S. Pereira, T.M. Hashimoto. Effects of intercritical and Isothermal Treatment on Mechanical Properties and 
Microstructure of steel 300M. Journal of Vacuum Applications, Bauru - SP, v. 25, nº.2, (2006) p. 93-97.  
[4] W. Sha, Z. Guo.  Maraging steels - Modelling of microstructure, properties and applications. Woodhead Publishing Limited (2009), 203 p. 
[5] M. Schimidt, K. Rohrback. ASM Handbook. Heat treating. In: Heat treating of Maraging Steels. USA: ASM International, v.4, (1991) p. 528-
548. 
[6] D. T.  Liewellyn, R. C. Hudd. Steels - Metallurgy and Applications. 3º ed. Oxford: Butterworth-Heinemann, (1998), 400p. 
[7] S. Horing, D. Abou-Ras, N. Wanderka, H. Leitner, H. Clemens, J. Banhart..  Characterization of Reverted Austenite during Prolonged Ageing 
of Maraging Steel. Steel  
[8] R. SCHINITZER,  Reverted austenite in PH 13-8 Mo maraging steels. Materials Chemistry and Physics, v. 122, p. 138-145, 2010. Research 
International. Volume 80, Issue 1, pages 84–88, January, 2009. 
[9] U. K. Viswanathan, G. K.  Dey, V. Sethumadhavan. Effects of austenite reversion during overageing on the mechanical properties of 18 Ni 
(350) maraging steel. Materials Science and Engineering: A, v. 398, (2005), p. 367–372. 
[10] L. Fanton, A. J. Abdalla, M. S. F. Lima, Heat Treatment and YbFiber Laser Welding of a Maraging Steel The influence of homogenization 
and solutionizing on an 18Ni(300) maraging steel welded with a Ybfiber laser source are evaluated, WELDING JOURNAL, v.93 (2014), p.362-
368.   
[11] C. R. Shamantha, R.  Narayanan, K. J. L. Iyer,V. M. Radhakrishnan, S. K. Seshadri, S. Sundararajan, S. Sundaresan. Microstructural 
changes during welding and subsequent heat treatment of 18Ni (250-grade) maraging steel. Materials Science and Engineering: A, v. 287 (2000), 
p. 43–51, 2000. 
[12] R. V. Venkateswara, R. G. Madhusudhan, R. A. Sitarama. V. Influence of post-weld heat treatments on microstructure and mechanical 
properties of gas tungsten arc maraging steel weldments. Materials Science and Technology,v. 26, n. 12  (2010), p. 1459-1468, 2010. 
[13] F. Tariq,R.A. Baloch, B. Ahmed, N. Naz. Investigation into Microstructures of Maraging Steel 250 Weldments and Effect of Post-Weld 
Heat Treatments. Journal of Materials Engineering and Performance.March 2010, Volume 19, Issue 2, pp 264-273  
[14] P. Venkata Ramana, G. Madhusudhan Reddy, T. Mohandas. Microstructure, hardness and residual stress distribution in maraging steel gas 
tungsten arc weldments. Science and Technology of Welding & Joining, Volume 13, Number 4, May 2008 , pp. 388-394(7). 
[15] C. Van Rooyen, H.P. Burger, B.P. Kazadi. Comparison of CO2 and Nd:YAG laser welding of grade 250 maraging steel, IIW doc. II-A-173-
06. The 59th Annual Assembly of the International Institute of Welding (IIW), Quebec, Canada, (2006), pp 9. 
[16] L. Quintino, A. Costa, R. Miranda, D. Yapp, V. Kumar, C. J.  Kong.  Welding with high power fiber lasers – A preliminary study. Materials 
& Design. Volume 28, Issue 4 (2007) pp. 1231–1237. 
[17] M. P. Nascimento, H. J. C. Voorwald Considerations about the welding repair effects on the structural integrity of an airframe critical to the 
flight-safety, Procedia Engineering  2 (2010) 1895-1903. 
[18] A. S. M Cardoso, A.J Abdalla, C.A.R.P Baptista, M.S.F Lima, 2014, “Comparison of High Cycle Fatigue in 4340 and 300M Steels Welded 
with Fiber Laser”, , Advanced Materials Research, Trans Tech Publications, Switzerland Vols 891-892, pp 1507-1512. 
 
 
 
 
  
 
 
